The photoinitiated reactions after infrared excitation from the LiHF and LiDF complexes in the reactant valley are studied as an extension of a recent communication by Paniagua et al. ͓J. Chem. Phys. 109, 2971 ͑1998͔͒. For LiHF two broad bands, associated to ⌬vϭ1 and 2 transitions, are obtained at which the probability of forming LiF products is very high, Ͼ90%. For LiDF the ⌬v ϭ1 band consists of several narrow resonances, and some of them are supported by the barrier separating reactant and product valleys. Even at these resonances the reaction probability is relatively high, starting at a value about 30% and increasing rapidly to Ͼ90% with increasing energy. This implies the tunneling through the barrier. The reason for the high efficiency in the photoinitiated reaction is that the main excitation corresponds to the HF ͑or DF͒ stretch within the complex, which is the ''active'' mode for the reaction in agreement with the presence of a late barrier. These results are very different from those obtained in LiϩHF or LiϩDF collisions at the same total energies, the reaction probabilities being much lower in these latter since the excitation of the HF ͑DF͒ mode is unlikely to occur during the collision.
I. INTRODUCTION
The dynamics near the region of the transition state ͑TS͒ determines important features of bimolecular reactions 1 being usually a bottleneck for such processes. Observables obtained in scattering experiments do not provide, however, direct information about the TS due to the average on partial waves. This average often washes out the traces of resonances and any information on transient species appearing in the TS region. In some cases, the resonances associated to these transient states determine the reaction probability. 2 Transition state spectroscopy ͑TSS͒ studies provide a more direct information of spectroscopic accuracy on the potential and dynamics of this region where the chemical change of a bimolecular reaction occurs. The information thus obtained is crucial not only to determine the reaction mechanisms but also very useful to control the course of the reaction through the use of well designed excitation pulses.
In TSS studies, the TS region is reached via photon excitation from a specific precursor. This is the case of photodetachment of an electron from a stable negative ion pioneered by Neumark and co-workers, [3] [4] [5] [6] [7] or the electronic excitation of van der Waals clusters formed between the reactants. These latter kind of studies are carried out following at least two different alternatives. In the first, developed by Wittig and co-workers, [8] [9] [10] one of the molecules forming the van der Waals complex is photodissociated and one of its fragments is ejected towards the second partner. The reaction dynamics in the ground electronic state is then studied under limited geometry conditions imposed by the structure of the initial van der Waals precursor. Since the advent of short laser pulses, this technique has been used to clock bimolecular reactions 11, 12 in real time. In the second alternative, one of the partners within the van der Waals complex is promoted to excited electronic states where the whole system reacts, as first done by Soep and co-workers, [13] [14] [15] [16] [17] and lately applied by Polanyi and co-workers, [18] [19] [20] and González-Ureña and co-workers. 21, 22 The theoretical modeling of this latter kind of TSS studies is particularly complicated nowadays since the reaction dynamics generally involves several excited electronic states, with their mutual nonadiabatic couplings, within spectroscopic accuracy for relatively heavy systems. Just as an example, for the photoexcitation process Ca( 1 S) -HCl →͕Ca( 1 D, 1 P) -HCl͖ studied by Soep and co-workers, [14] [15] [16] [17] the CaCl products are detected not only in the A 2 ⌸ and B 2 ⌺ ϩ excited electronic states [14] [15] [16] but also in the X 2 ⌺ ϩ ground state, 17 which has been found after a careful examination of the highly excited vibrational states of CaCl(X 2 ⌺ ϩ ). Due to the difficulty of measuring the branching ratio between the different final electronic states of the products, the theoretical study of such processes would be desirable, a difficult task due to the large number of electrons involved. Another good example is Na-HF, recently studied experimentally by Polanyi and co-workers. 20 In this case the Na-HF van der Waals complex, initially in the ground X 2 in a theoretical simulation by Polanyi, Thrular, and co-workers 23 using potential energy surfaces based on high quality ab initio calculations. 24 These excited electronic states present deep wells, and the resonances appearing at low energies decay into the ground electronic state through nonadiabatic couplings. The process has been recently simulated using two coupled energy surfaces within a two degrees of freedom model. 25 In a recent communication 26 we have shown the possibility of accessing the vicinity of the TS on the ground electronic state via infrared excitation of the Li-HF complex, obtaining a high efficiency in forming LiF products at total energies where the collisional reaction cross-section is rather low. Even though this study was devoted to the particular case of Li-HF, it was discussed that these findings were based on rather general properties of MϩHX systems: a sudden change of the electric dipole moment near the TS, and a well in the reactant valley at configurations relatively close to the saddle point. The experimental detection of the products in the photoinitiated reaction of Li-HF presents some disadvantages since this system reacts at thermal energies. However, other related systems like Na-HF ͑Refs. 24,27,28͒ and Ca-HF ͑Ref. 29͒ have higher reaction thresholds and deep wells in the reactant valley, being thus good candidates for such experiments on the ground electronic state.
Recently, a related experiment has been carried out by Lester and co-workers 30 via a state-selective infrared excitation of the H 2 -OH complex. The main difference arises from the fact that excitation nearly corresponds to the pure OH overtone. Since the OH is considered to be a ''spectator'' [31] [32] [33] in the H 2 ϩOH→H 2 OϩH reaction, vibrational excitation does not enhance reactivity, even though the energies considered are well above the reaction barrier. Then, the dominant process is the vibrational predissociation of the complex within the inelastic channel.
In this work we report a detailed description of the photodissociation of the Li-HF and Li-DF complexes when they are promoted via infrared excitation, that is LiϪHFϩh→LiϩHF͑v, j ͒ ͑inelastic process͒ →HϩLiF͑vЈ, jЈ͒ ͑reactive process͒, ͑1͒ and the same for the deuterated species. The channel for LiH fragments is closed at the energies under study. The infrared excitation mainly affects the HF ͑or DF͒ stretch within the complex, what brings the system close to the TS region. The LiϩHF potential surface presents a late barrier 34, 35 and the reactivity is strongly enhanced by this excitation. 36 LiϩHF is not only a prototype for TSS studies in this kind of system but is becoming also a benchmark for theoretical reactive scattering calculations. Its relative low number of electrons allows highly accurate ab initio calculations on the ground electronic state 37, 38 and recently several global potential energy surfaces ͑PES͒ have been published, 34, 39 as well as several quantum studies on the reactive collision. 34, 35, [39] [40] [41] In addition, there are molecular beam experiments for HF(v ϭ0) ͑Ref. 42͒ and experiments on the influence of the initial alignment of HF(vϭ1, jϭ1) on the reaction. 43 , 44 The complementary information obtained in the TSS study presented below is expected to clarify the reactive dynamics in this system.
II. QUANTUM TIME-DEPENDENT DYNAMICS
In order to obtain the partial cross-sections for the photodissociation of an initial state of the complex, ⌿ i J i (J i is the initial angular momentum͒, to final states of HF (v, j) or LiF (vЈ, jЈ) ͑with total angular momentum JϭJ i ,J i Ϯ1) we perform two separated calculations, one using reactant Jacobi coordinates and the second one using product Jacobi coordinates. In reactant Jacobi coordinates, r ␣ is the HF internuclear distance, R ␣ is the vector joining the HF center-of-mass to the Li atom, and ␥ ␣ is the angle between r ␣ and R ␣ . In product Jacobi coordinates, r ␤ is the LiF internuclear distance, R ␤ is the vector joining the LiF center of mass to the H atom, and ␥ ␤ is the angle between r ␤ and R ␤ . Since the methodology is analogous in the two sets of coordinates, it will be discussed in terms of generic r and R vectors. It is convenient to use a body-fixed frame, such that the z-axis lies along the R vector and the three atoms lie in the x-z plane, to distinguish between the internal coordinates, r, R, and ␥, and three Eulerian angles ,, and specifying the orientation of the body-fixed axes with respect to the space-fixed frame. 45 In this representation the total wavepacket is expanded as,
where ⑀ is the parity under inversion of spatial coordinates and D M ,⍀ J are Wigner rotation matrices 45 corresponding to a total angular momentum J. This momentum is associated to the operator Ĵϭĵϩ l ͑with ĵ and l being the angular momentum operators associated to r and R, respectively͒. M and ⍀ are the projections of the total angular momentum on the space-fixed and body-fixed z-axis, respectively. Since the z-axis is parallel to R, ⍀ is also the projection of the angular momentum of the diatomic fragment.
The integration of the time-dependent Schrödinger equation is accomplished using the Chebyshev method 46 and the ⌽ ⍀ JM ⑀ (r,R,␥,t) coefficients are represented on finite grids for the internal coordinates r, R, ␥. A set of equidistant points is chosen for the two-dimensional radial grid, and the radial kinetic term is solved using the Fast Fourier Transform method. 47 In order to avoid spurious reflections due to the use of a finite grid, the wavepacket is absorbed after each time step. [48] [49] [50] For ␥ we use a DVR representation [51] [52] [53] [54] [55] formed by a set of Gauss-Legendre quadrature points, ␥ k , with weights w k . The action of the angular momentum operators on the wavepacket is performed in a single operation as a multiplication of a matrix by a vector as previously explained. 39 In the framework of first order perturbation theory for electric dipole transitions, the cross-section for excitation of a system from an initial bound state 
with EϭE i ϩប and where the wavepacket at time tϭ0 is defined as
͑5͒
In Eq. ͑5͒ d is the matrix element of the electric dipole moment in the ground electronic state, whose components are expressed in the body-fixed frame, while e is the polarization vector of the incident photon of frequency and defines the orientation of the space-fixed frame. Therefore the transition operator can be written as
͑6͒
The initial bound state,
is expanded in a basis
set as,
͑7͒
where v j (r) are the vibrational eigenfunctions of the isolated BC fragment ͑with eigenvalue E v j ), H n (R) are vibrational functions obtained numerically by solving a onedimension Schrödinger equation with a given reference potential and the angular basis set functions, Y, are defined as
where Y j⍀ (␥,0) is a normalized associated Legendre function. 45, 58 Replacing Eqs. ͑6͒ and ͑7͒ in Eq. ͑5͒, and according to Eq. ͑2͒ the coefficients of the initial wave packet become:
where it has been used d Ϫq ϭ(Ϫ1) q d q in the present case.
is related to the polarization function, 45 defined as
where pϭ0 for linearly polarized light ͑with the z spacefixed axis along the polarization vector of the incident photon͒ or pϭϮ1 for left/right circularly polarized light ͑with the z space-fixed axis along the direction of propagation of the incident photon͒.
In each Jacobi coordinate set, the partial cross section for each rovibrational state of the corresponding BC fragment is obtained using the method of Balint-Kurti et al., 59 as
where
is the AϩBC reduced mass, R ϱ is a large value of the R scattering coordinate such that the interaction between the BC diatomic fragment and A atom is zero, and
͓In Eq. ͑11͒ there is a difference of 16 2 with respect to the definition made in Ref. 59 arising from a different normalization factor in the asymptotic form of the scattering wavefunction, as has been noted recently.͔ 60 The overall cross-section in the other rearrangement channel, noϪBC , for each of the two Jacobi coordinates considered, can be obtained analyzing the flux 61 with a method analogous to that applied by Zhang et al., 62 to photopredissociation, in which
where m is the BC reduced mass and the time-independent wave function is defined as
These quantities are used to check the accuracy of the calculations since the total absorption cross-section in Eq. ͑4͒ can be recalculated as
In addition, we also compare the results obtained in the two possible sets of coordinates, finding an agreement better than 99%, the largest errors occurring only at some energies close to a few resonances or at energies where the absorption spectrum is very small. The time independent wave functions of Eq. ͑14͒ may be used to analyze the nature of the resonances. Assuming the total Hamiltonian as HϭH 0 ϩV, where H 0 has bound zeroorder eigenstates, n 0 , as well as a continuum of eigenstates, ␣,E 0 ͑where ␣ denotes a collection of quantum numbers specifying the final state of the fragments and E, the total energy͒, the dissociative eigenstates of H near an isolated resonance can be expressed as a linear combination of the zero-order solutions of H 0 as 63
Therefore, the time-independent wave functions of Eq. ͑14͒ contain contributions of the zero-order bound state, the one of interest to assign the resonance, and of continuum solutions, which present oscillations and hide somehow the relevant information searched for. An interesting alternative is that proposed by Sadeghi and Skodje 64 in order to analyze the resonances appearing in the DϩH 2 collision and also applied to the study of resonances in FϩH 2 . 65 The method combines time-independent wavefunctions for several total energies near the resonance, with a weight function (EϪE n Ϫi⌫ n ) Ϫ1 ϰA n ␤ *(E). According to Eq. ͑14͒, this is equivalent to use the expression
where E n and ⌫ n are the approximate position and width of the resonance, respectively. Since the phases of the continuum contributions in Eq. ͑16͒ change with total energy, there will be a destructive interference among them, so that the continuum contributions in Eq. ͑17͒ are expected to be rather small. However, the discrete function in Eq. ͑16͒ does not depend on energy and the square of the A n (E) shows a near Lorentzian behavior 63 in the vicinity of an isolated resonance. Therefore, its contribution is expected to remain in Eq. ͑17͒.
III. RESULTS AND DISCUSSION

A. Preliminary considerations and Bound states
One feature of the system under study is the importance of zero-point energy. Considering the potential energy surface the reaction is endothermic but when the zero-point energy of the diatomic fragments is taken into account, the situation is inverted and the reaction becomes exothermic. This is of course due to the fact that the vibrational frequency of LiF (Ϸ900 cm Ϫ1 ) is lower than that of HF (Ϸ4000 cm Ϫ1 ) or DF (Ϸ3000 cm Ϫ1 ). In Table I the vibrational eigenvalues of the diatomic fragments are listed. The energies are referred to the minimum of the isolated HF. In addition, the PES 39 shows a barrier for the reaction with the saddle point placed on the product valley with an energy of Ϸ1880 cm Ϫ1 . This fact has two major effects. First, the reaction cross-section for the LiϩHF(vϭ0) or LiϩDF(v ϭ0) collision presents a threshold ͑in the HF this threshold is due to the zero-point energy at the transition state 39, 36 ͒. Second, the reaction is greatly enhanced with the initial vibrational excitation of the reactants.
The barrier on the reaction path, responsible for some of these features of the reaction dynamics, appears as a result of a curve crossing. In general, the reactions of MϩHX systems are envisaged as harpoon-type processes in which the adiabatic ground electronic state can be understood as the result of a curve crossing between an ionic ͑M ϩ ϩHX Ϫ ) and covalent ͑MϩHX͒ diabatic states. This fact is illustrated for the particular case of the LiHF system in Fig. 1 , where some cuts of the PES for the ground ͑covalent͒ and the excited ͑ionic͒ electronic states are shown as a function of the HF internuclear distance for a collinear Li-F-H configuration and several Li-F distances. 66 It is clearly seen that, as long as Li approaches HF, the ionic state is stabilized with respect to the covalent state and, at a given distance, they cross originating the barrier. At the precise nuclear configuration where the curve crossing occurs, there is a sudden change in the system charge density, as it has been described in detail for Li-HF by Chen and Schaefer 67 and for Ca-HF by Jaffe et al. 29 This can be viewed as a charge ''jump'' from the Li to the H atom.
Close to the TS region, there is a well in the reactant valley with a depth of Ϸ2250 cm Ϫ1 with respect to the minimum of the isolated HF, 39 in agreement with experimental data obtained from backward glory scattering. 68 This well is already in the LiϩHF covalent diabatic electronic state mentioned above, 66 and is due to the interaction between the strong electric dipole of HF and the Li atom. There is a second well in the product valley 39 but less deep and it will be omitted hereafter.
The reactant well presents several bound states, and the first eigenvalues for LiHF and LiDF are listed in Table II. The two systems show different progressions of levels because there is an important reduction of the bending frequency ͑from Ϸ400 to Ϸ300 cm Ϫ1 ) when changing from Li-HF to Li-DF, while the stretching frequency is nearly unchanged ͑being Ϸ350 cm Ϫ1 ). This effect is expected since the kinetic term for the stretching depends on ϩm F ), which nearly increases by a factor of 2. This isotopic effect is even more significant for the HF vibration, and explains why the zero-point energy of the ground state of the complex reduces in about 500 cm Ϫ1 under isotopic substitution, since the vibrational frequency of HF, Ϸ4000 cm Ϫ1 , reduces to Ϸ3000 cm Ϫ1 in the DF case. In this work we shall study the photoinitiated reaction dynamics from the ground van der Waals state ͑in a J i ϭ1 →Jϭ0 transition͒ and in Fig. 2 different contours of the probability density are shown for such levels of LiHF and LiDF. The isotopic effects in LiHF and LiDF are illustrated in Fig. 2 , where different contours of the probability density have been plotted in the region where this density is meaningful.
B. Electric dipole moment
The molecular electric dipole moment of the ground electronic state has been calculated with a multiple reference single and double excitations configuration interaction method ͑MRDCI͒ 69 using the same basis set functions and configurations as those used to calculate the ab initio points. 37 In order to test the quality of the Gaussian basis set, we have calculated the electric dipole moment of the isolated diatomic molecules HF and LiF. The MRDCI calculations 70 yield results in excellent agreement with the best available data. In Fig. 3 
FIG. 2.
Contour plots of the probability density associated to the ground van der Waals state of the Li-HF and Li-DF ͑Jϭ0͒ as a function of two of the internal reactant Jacobi coordinates and averaging over the third one. Each contour corresponds to a tenth of the preceding one.
TABLE II. Eigenvalues of Li-HF and Li-DF ͑in cm
Ϫ1 ) in the reactant valley well for Jϭ0. The approximated quantum numbers (v,n,b) correspond to the HF ͑or DF͒ vibration, Li-HF ͑or Li-DF͒ vibration and the bending, respectively.
Li-HF
Li-DF The analytical fit of the two components of the molecular electric dipole moment in the x -z body-fixed plane presents some difficulties because they show a sudden change of sign, as it can be observed for the diatomics in Fig. 3 . Such a behavior is due to the curve crossing between the covalent and ionic diabatic states, that strongly depends on the internal variables. For this reason, instead of trying a global fit of the electric dipole components describing the entire configuration space, we have fitted them in the region where the ground state of the reactant complex has a nonnegligible probability density. The molecular dipole moment function of LiHF was calculated on a grid of geometries given by ͑distances in atomic units͒ and where lϭ0 if ␣ϭx and lϭ1 if ␣ϭz. The out-of-plane y component of the molecular dipole moment is zero by symmetry. R HF is the HF ͑or DF͒ internuclear distance, R LiF is the LiF internuclear distance, and ⍜ LiFH is the angle between these two vectors defined such that the zero value corresponds to a linear F-H-Li configuration. In Eq. ͑19͒ a new body-fixed frame has been defined, in which the molecule is also in the x -z plane but the z-axis is parallel to the R HF vector. The sum has been extended up to M ϭ6 for ␣ ϭx and M ϭ8 for ␣ϭz. Due to the large number of parameters used, they are not listed but can be obtained upon request. The coordinates and frame have been chosen so that the fit expressed in Eq. ͑19͒ is independent of the masses. It is therefore valid for LiHF as well as for LiDF. The electric dipole components of Eq. ͑19͒ are transformed to the bodyfixed frame associated to the reactant or product Jacobi coordinates used in the dynamical calculations by a rotation around the y body-fixed axis, i.e., in the plane of the triatomic system.
In Figs. 4 and 5 we show contour plots of the electric dipole moment components of LiHF in reactant Jacobi coordinates as well as in product Jacobi coordinates, for ␥ corresponding to the minimum of the potential (␥ ␣ ϭ107°for reactant Jacobi coordinates and ␥ ␤ ϭ131°for product Jacobi coordinates͒. The main feature is that in all cases there is a line at which a sudden change of the dipole originated by the curve crossing is produced. It is also interesting to note that in reactant Jacobi coordinates d z is much larger than d x , while in product Jacobi coordinates the two components are of the same magnitude. This fact should introduce important differences between the vector properties of the HF and LiF fragments that will be considered in the future.
C. Dissociation dynamics
The initial wavepacket, in Fig. 6 , is built up using Eq. ͑9͒ to study the Jϭ0←J i ϭ1 transition from the ground bound state of the complex. It shows a node along the r reactant Jacobi coordinate describing the HF stretch while it does not seem to have any excitation in the other two coordinates. However, it should be noted that the second maximum in Fig. 6 has much lower probability than the first one, and the initial wavepacket essentially corresponds to vϭ0 in the HF stretching mode. In fact, the square of the overlap of the initial wavepacket with the ground bound level with J ϭ0 is Ϸ0.72 for LiHF, and Ϸ0.98 for LiDF. Since the main purpose of this work is the study of the fragmentation dynamics, the first seven bound states with Jϭ0 are subtracted to the initial wavepacket. After a renormalization, most of the wavepacket fragmentates what reduces numerical errors.
The absorption spectra obtained using Eq. ͑4͒ for LiHF and LiDF, in Fig. 7 , show different intensities in two energy intervals, one at low energy ͑between 2500-4000 cm Ϫ1 for LiHF and between 1500-3000 cm Ϫ1 for LiDF͒ which essentially corresponds to a ⌬vϭ1 transition in the HF stretch, and a second one at higher energies ͑between 5000-9000 cm Ϫ1 for LiHF and 3500-5500 cm Ϫ1 for LiDF͒ corresponding to the first overtone with ⌬vϭ2. The mean excitation frequencies are smaller than that of the transition in the isolated HF or DF molecules due to the interaction with the Li atom, which weakens the HF bond.
The absorption spectrum for LiDF at lower energies is composed by some resonances ͓labeled from 1 to 7 in Fig.  7͑b͔͒ which have been analyzed using Eq. ͑17͒, and the contour plots associated to the probability density are shown in Fig. 8 . The continua components are not completely vanished, which introduces a complicated pattern for large internuclear distances in Fig. 8 . However, the larger probability contours show a nice structure that can be associated to the zero-order bound states which are responsible for the appearance of the resonances and allows us their assignment ͑shown in Fig. 8͒ . All of them have one vibrational quantum in the DF stretch while showing a progression in the Li•••DF stretch and in the bending motion. The two low intensity resonances, the 4th ͑at E 4 Ϸ2367 cm Ϫ1 ) and the 7th (E 7 Ϸ2912 cm Ϫ1 ), correspond to ͑1,0,2͒ and ͑1,0,3͒ vibrations, respectively. The ordering of the assigned levels is the same as those listed in Table II for the bound states with vϭ0. The effective frequency for the bending motion seems to be nearly unchanged while that of the Li-DF stretch becomes FIG. 6 . Contour plots of the probability density associated to the initial wavepacket as a function of two of the internal reactant Jacobi coordinates and averaging over the third one. Each contour corresponds to a tenth of the preceding one. larger in the vϭ1 case. The widths of the resonances do not seem to follow any particular trend either with the increase of total energy or with the selective excitation of a particular vibrational mode. The fragmentation dynamics will be discussed below.
The situation for the ⌬vϭ1 transition in LiHF is, however, very different because in the 2500-4000 cm Ϫ1 energy range, the spectrum shows a quite broad envelope with two peaks, instead of narrow resonances. The reason is that LiDF is promoted to an energy region close to the saddle point ͑located at 1879 cm Ϫ1 as it is shown in Fig. 9͒ while LiHF is excited well above the top of the barrier, yielding the LiF products with a high probability. 26 The largest frequency of the systems corresponds to the HF ͑or DF͒ stretch and this vibrational mode is quite well decoupled from the other two, as demonstrated in the resonance analysis described above. After the infrared excitation to vϭ1, HF starts vibrating without transferring energy to the other internal modes of the system, and the complex fragmentates rapidly since it is above the barrier. Due to the large difference between the H and F masses, the H atom escapes rapidly, leaving the F atom attached to the Li atom. For LiDF, however, the v ϭ1 excitation in the DF stretch is supported by the barrier so that the resonances dissociate either to the LiF product channel, by tunneling through the barrier, or to the DF reactant channels by vibrational predissociation.
The photofragmentation of LiHF when excited to vϭ1 and vϭ2 can therefore be considered as a direct dissociation on the products channel. 26 The probability of forming LiF product increases rapidly to a value of approximately 90%-95% for energies below the HF(vϭ1) threshold, and is much higher than that corresponding to the same total energies in the LiϩHF(vϭ0) collision, as shown in Fig. 10 . For energies above 5000 cm Ϫ1 , reactivity in the photoinitiated process is about 99%, while that corresponding to the LiϩHF(vϭ1) collision is of the order of 85%-90% ͑the vϭ1 threshold is about 6000 cm Ϫ1 ). The reaction probability for the LiϩHF(vϭ1) is, however, comparable to the one associated to the photon excitation in the first band, which is interpreted as an excitation of the HF stretch to vϭ1 within the complex. Therefore, the reaction probability seems to depend mainly on the HF ͑or DF͒ vibrational excitation rather than on total energy. The reason for this behavior is that the system presents a late barrier, 74, 75 i.e., the saddle point is placed at an internal configuration in which the HF distance is elongated to a large value ͑Ϸ1.301 Å͒ as compared to that of the isolated HF ͑Ϸ0.921 Å͒. Therefore, to overpass the barrier some vibrational energy is needed in the HF stretching mode, and a single vibrational quantum seems to be enough to produce the reaction with a high efficiency. Such vibrational excitation is easily created by the infrared promotion. However, during the LiϩHF(vϭ0) collision the HF vibration is not greatly excited and, in order to obtain a high efficiency for the reaction, the HF reactant should be initially in vϭ1, as is shown in Fig. 10 .
For the case of LiϩHF reactive collision the total reaction cross-sections for HF(vϭ0,1, jϭ0,1,2, and 3͒ have been calculated 36 using a wavepacket treatment in reactant Jacobi coordinates, within the Centrifugal Sudden approach. This approach yields results in very good agreement with exact calculations 39 when considering total reaction probabilities. These calculations show that the reaction crosssection increases by a factor of 10-50 by increasing the vibrational excitation from vϭ0 to vϭ1. This large enhancement of the reaction cross section with initial vibrational excitation of the reagents has been observed experimentally for some related systems, like KϩHCl, 76 BaϩHF, 77 CaϩHF, 78, 79 SrϩHF, [78] [79] [80] and NaϩHF. 80 Most of these systems are endothermic for vϭ0, while LiϩHF is nearly thermoneutral, but this fact does not seem to make important differences.
It was also found that for LiϩHF(vϭ0, jϾ0) the reaction cross section is larger for low ⍀, which was taken as an indication that the reaction occurs preferentially at near collinear geometries. 36 This fact was interpreted by assuming that the reaction takes place after some vibrational excitation FIG. 7 . Absorption spectra for the Jϭ0←J i ϭ1 transition from the ground bound states of the LiHF ͑a͒ and LiDF ͑b͒ complexes. Energy is referred to the minimum of the potential of isolated HF. The photon energy is obtained by adding the energy of the bound state of the complex with J i ϭ1, which is 62.32 and 588.81 cm Ϫ1 , for LiHF and LiDF, respectively. The first resonance for LiDF reaches a value of Ϸ2500 and has been cut to show the other components of the spectrum.
is gained by the HF fragment during the collision. The efficiency of the vibrational energy transfer is larger at near collinear collisions, which explains why low ⍀ give higher reaction cross-sections. Alvariño et al., 81 using the so-called stereodirected representation, found that the reaction probabilities for the LiϩHF(Jϭ0͒ reaction are larger when the Li atom attacks on the H side of HF, which is in agreement with this model.
The final state distributions of the diatomic fragments after infrared excitation of LiHF complex are shown in Fig.  11 for the first band, i.e., in the 2500-4000 cm Ϫ1 range. LiF is mainly populated in vϭ0 showing a progressive increase of the population in vϭ1 as the total energy increases. In fact, for the second band at energies larger than 5000 cm Ϫ1 , the LiF products are more vibrationally excited than for the first band. The LiF(vϭ0,j) distribution, shown in Fig. 11͑b͒ , is nearly independent of the total energy and has a maximum at jϷ10. For LiF(vϭ1) products, the rotational distribution looks very similar to that of LiF(vϭ0) but with the maximum located at approximately jϭ8. This kind of unstructured final distributions of the LiF products can be expected from a direct photodissociation in which the LiF stretch within the LiFH complex is scarcely excited and acts like a spectator during the dissociation. The rotational distribution of the HF fragments, in Fig. 11͑c͒ , shows a structured dependence with total energy. In fact, the total final population of HF has a small background with several narrow structures associated to resonances. At these resonances, the appearance of HF fragments is due to the vibrational predissociation of LiHF from vϭ1.
As discussed above, LiDF exhibits some narrow resonances in the vϭ1 part of the spectrum ͑for energies below 3500 cm Ϫ1 ) and a broad band for vϭ2 at higher energies. This latter band is well above the barrier for the reaction and may be interpreted, as in the LiHF case, as a direct dissociation towards the LiF product channel. In Fig. 12 , the probability of forming LiF products in the photoinitiated process from the LiDF precursor is shown and compared with the corresponding reaction probabilities for the LiϩDF(vϭ0 and 1͒ collision. In the whole energy range, the reaction probabil ity after infrared excitation is much higher than that for the LiϩDF collision ͑either vϭ0 or vϭ1͒. In the photoinitiated process, the reaction probability increases very rapidly with energy and becomes larger than 95% about 3500 cm Ϫ1 . In the collision, however, the reaction probability is always below 40%, even for DF initially in vϭ1.
The reaction probabilities in the collision increase according to the progression DF(vϭ0), HF(vϭ0), DF(v ϭ1), and HF(vϭ1), i.e., there is an enhancement of the reaction efficiency with the internal vibrational energy of HF or DF listed in Table I . Similar isotopic effects were obtained previously by Laganà et al. for the collision, using another PES with a quassiclassical method and a Rotational Infinite Order Sudden Approach. 82 In the photoinitiated process from LiDF precursor, the efficiency in forming LiF products is also very high, because the infrared promotion mainly excites the DF stretch, as in the LiHF case. There is a fast increase of the reaction probability as soon as the energy is higher than the barrier for the reaction. However, it is notorious that the reaction probability in the first resonance, located at 1788.8 cm Ϫ1 , is of the order of 30%. Since the maximum of the barrier is located at 1879 cm Ϫ1 , the decay of the first resonance in the LiF product channel can only be attributed to tunneling through the barrier. Such high probability for tunneling is only possible because the vibrational predissociation process, LiHF(v ϭ1)→LiϩHF(vϭ0), is rather inefficient, making the competition between the two fragmentation processes possible. The total energies for the remaining resonances in Fig. 7 are above the barrier and the reaction probability increases for them. Therefore, the spectroscopic study of the resonances appearing in the LiDF case provides valuable information about the reaction mechanisms and the potential energy surface below and above the barrier for the reaction.
IV. CONCLUSIONS
In this work the LiHF photoinitiated reaction in the ground electronic state has been studied, via the infrared excitation of the LiHF precursor ͑and its deuterated variant͒, as an extension of a recent communication. 26 In order to simulate the infrared absorption, the electric dipole moment has been calculated using the MRDCI method with the same basis set as previously used to calculate the potential energy surface. 37, 39 The electric dipole moment has been fitted to an analytical expression in the region of the well in the LiϩHF reactant channel.
The Jϭ0←J i ϭ1 transition from the ground state of the reactant complex has been studied using a wavepacket treatment. Two energy intervals can be separated in the absorption spectra, corresponding to ⌬vϭ1 and ⌬vϭ2, respectively. For LiHF it is found that in both cases the probability of forming LiF products is very high, Ͼ90%. This result is very different from the corresponding reaction probability in the LiϩHF(vϭ0) collision at the same total energies, where only a 20% reaction probability is obtained. 39, 36 This system has a late barrier and some vibrational excitation is required to overpass it. 36 Thus, the high efficiency of the photoinitiated process is due to the vibrational excitation of the HF stretch produced in the infrared absorption, while in the LiϩHF(vϭ0) collision vibrational excitation is very unlikely to occur and some initial excitation is required to obtain such an efficiency. The reaction probability for the LiϩHF(vϭ1) collision is also close to 90%, but this process involves a much higher energy than in the photoinitiated reaction because of the presence of the well in the reactant valley.
The absorption spectrum of LiHF presents broad bands which are interpreted as the result of a direct photodissociation towards the product channel because the excitation energy is above the barrier for the reaction. In the case of LiDF, however, the excitation energy is close to the barrier due to a strong isotopic effect, and the ⌬vϭ1 transition consists of some narrow resonances. It is found that the first resonance is below the barrier and presents a probability of about 30% for the formation of LiF products due to the tunneling through the barrier.
As a conclusion, the photoinduced reaction after infrared excitation of LiHF and LiDF complexes allows the study of the transition state region on the ground electronic state above and below the barrier. Therefore, it provides interesting information about the reaction mechanisms which is complementary to that obtained in the collision between the reactants. 
